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Background: Dentinogenesis imperfecta (DGI), Shields type-II is an autosomal dominant genetic 
disease which severely affects the function of the patients’ teeth. The dentin sialophosphoprotein (DSPP) 
gene is considered to be the pathogenic gene of DGI-II. In this study, a DGI-II family with a novel DSPP 
mutation were collected, functional characteristics of DGI cells and clinical features were analyzed to better 
understand the genotype-phenotype relationship of this disease.
Methods: Clinical data were collected, whole exome sequencing (WES) was conducted, and Sanger 
sequencing was used to verify the mutation sites. Physical characteristics of the patient’s teeth were examined 
using scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). The localization 
of green fluorescent protein (GFP)-fused wild-type (WT) dentin sialoprotein (DSP) and its variant were 
evaluated via an immunocytochemistry (ICC) assay. The behaviors of human dental pulp stem cells (hDPSCs) 
were investigated by flow cytometry, osteogenic differentiation, and quantitative real-time polymerase chain 
reaction (qRT-PCR).
Results: A novel heterozygous mutation c.53T > G (p. Val18Gly) in DSPP was found in this family. The 
SEM results showed that the participants’ teeth had reduced and irregular dentinal tubes. The EDS results 
showed that the Ca/P ratio of the patients’ teeth was significantly higher than that of the control group. The 
ICC assay showed that the mutant DSP was entrapped in the endoplasmic reticulum (ER), while the WT 
DSP located mainly in the Golgi apparatus. In comparison with normal cells, the patient’s cells exhibited 
significantly decreased mineralization ability and lower expression levels of DSPP and RUNX2.
Conclusions: The c.53T > G (p. Val18Gly) DSPP variant was shown to present with rare hypoplastic 
enamel defects. Functional analysis revealed that this novel variant disturbs dentinal characteristics and pulp 
cell behavior.
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Introduction

Hereditary dentin disorders are a group of rare autosomal 
dominant genetic diseases characterized by dentin 
formation defects, which lead to the early loss of overlying 
enamel and a high risk of dental caries and early tooth loss 
(1,2). These disorders include dentinogenesis imperfecta 
(DGI) and dentin dysplasia (DD). On the basis of clinical 
manifestations, DGI is classified into 3 types, and DD is 
classified into 2 types by Shields (3). Of the types, DGI, 
Shields type II affects approximately 1/6,000–1/8,000 of 
the population (4) and manifests primary as amber brown-
colored teeth, early pulp canal obliteration by dentinal 
tissue, and severe abrasion of both primary and permanent 
teeth (5). The primary dentition is usually the most severely 
affected (6). Additionally, DGI, Shields type II leads to early 
exfoliation of dental enamel and severe caries, periapical 
abscesses, and early tooth loss, affecting patients' chewing, 
facial shape, and systemic nutrition. Besides teeth symptoms, 
some patients may also suffer from hearing loss. DGI may 
causes psychological problems in patients and their families, 
such as feelings of inferiority and depression (7).

The dentin sialophosphoprotein (DSPP) gene is located 
on chromosome 4q21.3, and it has 5 exons. The DSPP gene 
encodes a member of the small integrin-binding ligand 
N-linked glycoprotein (SIBLING) family of proteins. The 
encoded preproprotein is secreted by odontoblasts and 
proteolytically processed to generate two principal proteins, 
dentin sialoprotein (DSP) and dentin phosphoprotein 
(DPP). DSP and DPP may play different roles in dentin 
mineralization. DSP may participate in dentinogenesis. 
DPP may participate in the initial mineralization of dentin 
matrix (8,9). The DSPP gene is the sole pathogenic gene 
of DGI, shields type II (OMIM 125490), DGI, shields type 
III (OMIM 125500), DD, shields type II (OMIM 125420), 
and deafness with dentinogenesis (OMIM 605594) (10-13). 
To date, more than 50 heterozygous mutations of DSPP 
(NM_014208.3) have been identified in patients with these 
diseases. However, the relationship of the phenotype and 
genotype is remained to be elucidated.

In this study, we report the finding for a family with 
DGI, shields type II. Individuals in this family also 

exhibit primary enamel defects. Whole exome sequencing 
(WES) revealed a novel heterozygous mutation c.53T 
> G (p. Val18Gly) of DSPP in the proband. The variant 
co-segregated with the disease phenotype in the family 
under study. Functional analyses revealed that this novel 
variant impairs DSPP function. This paper aimed to 
provide valuable information on disease pathogenesis and 
yield a better understanding of the genotype-phenotype 
relationship. We present the following article in accordance 
with the MDAR reporting checklist (available at https://
dx.doi.org/10.21037/atm-21-5369).

Methods

Participants and clinical assessments

All procedures involving human participants in this study 
were performed in accordance with the ethical standards 
of the Medical Ethics Review Committee of Sichuan 
Provincial People’s Hospital and the Declaration of 
Helsinki (as revised in 2013). All participants provided 
written informed consent. This study was approved by 
the Institutional Review Board of the Sichuan Provincial 
People’s Hospital [No. 2020(02)]. 

A 4-generation DGI family with 4 affected individuals 
was enrolled in this study. The proband (female, 7 y) and 
her parents (III:1, III:2, and IV:1) (father, 40 y; mother 
36 y) were recruited, and all underwent complete dental 
assessment, including oral panoramic radiographs and 
cone-beam computed tomography (CBCT). No symptoms 
of hearing loss or bone defects were detected in 2 of the 
participants. 

DNA extraction 

Blood samples of the proband and her parents (III:1, III:2, 
and IV:1) were also collected. Genomic DNA was isolated 
using the TIANGEN Blood DNA Kit (TIANGEN, 
Beijing, China) in accordance with the standard protocol. 
The DNA samples were stored at the temperature of  
−20 ℃ until use, and DNA integrity was assessed by 1% 
agarose gel electrophoresis.
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WES and mutation analysis

We performed WES of the proband’s genomic DNA 
samples (IV:1) via MyGenostics Technology, Inc. (Beijing, 
China). Analysis of WES data and annotation of variants 
were carried out as previously reported (14). Briefly, WES 
raw data were processed by Real Time Analysis (RTA) 
software using default parameters. The sequencing reads 
were aligned to the human reference genome (hg19) 
using Burrows-Wheeler Aligner (BWA) software (https://
bio-bwa.sourceforge.net/bwa.shtml). The variants were 
annotated and filtered against the following public databases 
and in-house database: dbSNP138 (https://www.ncbi.nlm.
nih.gov/projects/SNP/), 1000 Genomes Project (ftp://
ftp.1000genomes.ebi.ac.uk/vol1/ftp), Gnomad (https://
gnomad.broadinstitute.org/), and our in-house database 
generated from 1,977 WES samples. Common variants 
(minor allele frequency, >0.1%) were excluded. Variants 
were classified in accordance with the interpretation 
guidelines of the American College of Medical Genetics 
and Genomics (ACMG), as potentially pathogenic variants, 
variants of unknown clinical significance, or benign  
variants (15). Deleterious variants of unknown clinical 
significance were further classified as associated or not 
associated to the proband phenotype. In this study, we 
focused on disease-causing genes for DGI, osteogenesis 
imperfecta, and amelogenesis imperfecta in the Online 
Mendelian Inheritance in Man (OMIM) database (https://
omim.org/). 

Validation of variants and co-segregation analysis

Sanger sequencing was used to ascertain whether the 
candidate variants co-segregated with the disease phenotype 
present in the family. The genomic regions containing these 
variants were amplified. Polymerase chain reaction (PCR) 
products were sequenced using an Applied Biosystems (ABI) 
3730XL Genetic Analyzer (Applied Biosystems, Foster City, 
CA, USA) in accordance with the manufacturer’s instructions 
for BigDyeTM Terminator v3.1 Cycle Sequencing Kits. 
Primers for Sanger sequencing are shown in Table S1.

Tooth structure investigations 

Scanning electron microscopy (SEM) investigation: The 
primary tooth from the proband (IV:1) was removed due 
to severe periapical infection. A primary deciduous tooth 
from an age-matched normal individual was used as the 

control. After removal of the periodontal membrane and 
other objects, the tooth samples were immersed in a 10% 
formaldehyde solution at 4 ℃. The samples were then 
cross-cut into 2 parts by dental diamond burs and inlaid 
with epoxy resin. They were then polished with 600, 1,000, 
2,000, 3,000, 5,000, and 7,000 mesh water sandpaper 
(Starcke, Melle, Germany) in sequence and ultrasonically 
cleaned with distilled water. After drying, their surfaces 
were coated with gold in a vacuum, and the cross-section 
surfaces were observed using SEM (Inspect F50, FEI Co., 
Hillsboro, OR, USA).

Energy dispersive spectroscopy (EDS) investigation: 
the EDS results were analyzed using an SEM (FEI Co.) 
equipped with an EDS INCA system (Oxford Instruments 
Analytical, Abingdon, UK). The EDS was conducted at a 
high accelerating voltage of 20 kV. Elemental measurements 
(Na, Mg, P, Ca) were repeated 3 times in the middle of the 
dentin, and the Ca/P ratio was calculated.

Construction of plasmids

The coding region of the whole human DSP protein (from aa 
1 to aa 382) was cloned into the HindIII/BamHI sites of the 
pEGFP-N1 vector, as previously described (16), namely DSP-
pEGFP-N1-WT. The c.53T > G (p. Val18Gly) mutation was 
introduced into the DSP-pEGFP-N1-WT using a Q5® Site-
Directed Mutagenesis Kit (New England Biolabs, Ipswich, 
MA, USA), namely DSP-pEGFP-N1-MUT. 

Protein localization analysis

DSPP is not expressed in the HEK293 cells, so we choose 
this cell line to explore the location of the DSPP mutant. 
HEK293 cells were cultured in 24-well plates with 
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, 
Grand Island, NY, USA) supplemented with 10% fetal 
bovine serum (FBS; Gibco®, USA), 100 unit/mL penicillin, 
and 100 μg/mL streptomycin. The cells were transfected 
with DSP-pEGFP-N1-WT or DSP-pEGFP-N1-MUT 
using Lipofectamine 3000 reagent (Invitrogen, Carlsbad, 
CA, USA). After 36 h of transfection, protein localization 
was detected by immunocytochemistry (ICC). The slides 
were incubated overnight at 4 ℃ with rabbit polyclonal anti-
calnexin (CANX) antibody (cat: A0692, ABClonal, Wuhan, 
China) or mouse polyclonal anti-Golgi matrix protein 
(GM130) antibody (cat: ab169276, Abcam, Cambridge, 
UK) at a dilution of 1:600, followed by incubation with 
Alexa Fluor 594-conjugated goat anti-rabbit IgG(H+L) 

https://www.sogou.com/link?url=44aejrzSKwWGOnoFrJQIvt7FJ2gM7BNdpcaG__ZRrC43_0IitszhwHzOHWtyxYU-RPnzS-RM3jSxXBaqaAODPYSyPeCffCMevVsPGuNQGLbRmFP7i9EYJwmU002379HQLlwZ_sHk4usBbPQhUNOK0xCA_t-z9hISfHCL7CkoVdE.
https://cdn.amegroups.cn/static/public/ATM-21-5369-supplementary.pdf
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(cat: AS039, ABClonal, Wuhan, China) or Alexa Fluor 
594-conjugated goat anti-mouse IgG(H+L) (cat:A-11005, 
Invitrogen, USA) for 2 h. Subsequently, the cells were 
incubated for 2 h with 4',6-diamidino-2-phenylindole 
(DAPI). Cells were imaged using a confocal microscope 
(Zeiss LSM 800, Jena, Germany). 

Isolation and identification of human dental pulp stem 
cells (hDPSCs) 

hDPSCs were isolated and cultured from the pulp of 
primary teeth of the proband (IV:1) and 3 age-matched 
healthy children, as described in previous studies (17). 
The cells were stored in liquid nitrogen until use. The 
hDPSCs were identified by mesenchymal markers using 
FACSCantoII [BD Bioscience® (Becton, Dickinson, and 
Co.), Franklin Lakes, NJ, USA]. We used APC-conjugated 
anti-CD29 antibody, BV510-conjugated anti-CD33 
antibody, PE-conjugated anti-CD34 antibody, PerCP-
Cy5.5-conjugated anti-CD44 antibody, FITC-conjugated 
anti-CD90, and BV421-conjugated anti-CD105 antibody to 
detect the expression of mesenchymal markers in hDPSCs. 

Mineralization assay

The P3 hDPSCs were inoculated in a 6 cm dish at the 
density of 1×105 cells per dish. After growing to 80% of 
the dish in DMEM, cells were cultured in growth medium 
supplemented with 50 μg/mL ascorbic acid, 10 mM 
β-glycerophosphate, and 100 nM dexamethasone for 7 days. 
The inoculated cells were washed with phosphate-buffered 
saline (PBS) 3 times and fixed with 4% paraformaldehyde 
for 30 min at room temperature. Alizarin red S dye was 
then added for 10 min, and the cells were washed again with 
PBS 3 times. The staining intensity was quantified using 
Image J software (https://imagej.nih.gov/ij/).

RNA extraction and quantitative real-time PCR  
(qRT-PCR)

The P3 hDPSCs were cultured in growth medium 
supplemented with 50 μg/mL ascorbic acid, 10 mM 
β-glycerophosphate, and 100 nM dexamethasone for  
7 days. Total RNA (100 ng) from each sample was extracted 
using TRIzol (TransGen®, China) and was used for cDNA 
synthesis using the TransScript Reverse Transcription 
System (TransGen Biotech®, Beijing, China). We then used 
qRT-PCR to measure the messenger RNA (mRNA) levels 

of DSPP, ALP, and RUNX2 using ChamQTM Universal 
SYBR Qpcr Master Mix (Vazyme®, Nanjing, China). 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was 
used as an internal control for standardization. Primers for 
each gene are shown in Table S1. Relative gene expression 
levels were calculated using the 2−ΔΔCT method.

Statistical analysis

All experiments were repeated 3 times. All data were 
expressed as the mean ± SD. Student’s t-test was used to 
determine the statistical significance. Statistical significance 
was considered when P<0.05. 

Results

Clinical and radiographic features 

The 4-generation Chinese family with DGI included 4 
affected family members and 6 unaffected members. There 
were 2 affected members and 1 healthy member referred for 
clinical assessment (Figure 1A). 

The primary teeth of the 7-year-old proband (IV:1) 
had a typical yellow-brown color and showed severe 
attrition. The newly erupted first permanent molars and 
permanent incisors exhibited hypoplastic enamel defects. 
The enamel defects of the newly erupted teeth were near 
the incisal edge, and the enamel defects of the molars were 
on the occlusal surface of the crown (Figure 1B). Notably, 
even though the mandibular right first molar was newly 
erupted and seemingly intact, a periapical shadow and 
fistula appeared (Figure 1C,1D). Radiographic examination 
revealed hypoplastic enamel defects on unerupted incisors 
and canines near the incisal edge, suggesting that enamel 
formation was affected. A certain amount of pulpal 
obliteration had occurred in newly erupted teeth, but the 
pulp chambers were still accessible (Figure 1E,1F).

The father of the 7-year-old (III: 1) showed severe 
vertical dimension loss. Upon intraoral examination, the 
teeth were typically yellow-brown in color and translucent, 
with severe tooth attrition to the level of the gingiva  
(Figure 1G,1H). The oral panoramic radiograph showed 
that the pulp cavities were totally obliterated and the 
roots were short (Figure 1I). The CBCT images revealed 
pathological attrition of the left mandibular head and visible 
rotation backwards of the mandibular head of the temporal-
mandibular joint (TMJ) due to vertical dimensional loss 
(Figure 1J).

https://imagej.nih.gov/ij/
https://cdn.amegroups.cn/static/public/ATM-21-5369-supplementary.pdf
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Figure 1 Pedigrees of the DGI family, clinical examinations, and tooth structure investigations. (A) Pedigrees of the DGI family.  
(B-F) The clinical and radiographic findings for IV.1. (B) Facial and intraoral examinations showing the enamel defect on newly erupted 
teeth (white arrows). (C,D) Soon after the eruption of the mandibular right first molar, a fistula appeared (blue arrow). (E) The oral 
panoramic radiographs show that the teeth pulp cavities of unerupted teeth were available, while the cavities of the erupted teeth were 
partially obliterated. (F) The CBCT image of the unerupted teeth shows hypoplastic enamel defects (white arrows). (G-J) The clinical and 
radiographic finding for of III.1. (G,H) Teeth are yellow-brownish colored and show severe attrition to the gingiva margin. (I) The oral 
panoramic radiographs show that the teeth pulp cavities are totally obliterated, and the roots are short and round. (J) The CBCT image 
shows that the 2 mandibular heads are asymmetric; the left mandibular head shows attrition and is rotated forward (white arrow). (K) SEM 
image of the DGI tooth (2,000×). (L) SEM image of the DGI tooth (5,000×). (M) SEM image of the control (2,000×). (N) SEM image of 
the control (5,000×). (White arrows indicate the direction of pulp cavity). (O) EDS results of the DGI tooth and the control, *, P<0.05. (P) 
Image of the DGI tooth. DGI, dentinogenesis imperfecta; CBCT, cone-beam computed tomography; SEM, scanning electron microscopy; 
EDS, energy dispersive spectroscopy. 

Pulp cavity

Pulp cavity
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Investigation of tooth structures 

The SEM showed that the dentinal tubules of patient teeth 
were loosely arranged, highly irregular in size and shape, 
and reduced in number (Figure 1K,1L), while the normal 
dentinal tubules were highly regular in shape and size  
(Figure 1M,1N). The EDS results showed that the calcium 
content of the DGI dentin was significantly higher than 
that of the normal dentin (23.010±3.483 vs. 15.527±2.789, 
P=0.044). There were no significant differences in other 
elements of the DGI teeth and normal teeth (Figure 1O, 
Table S2). The teeth had a typical yellow brownish color, 
the root canal was accessible, and there was seldom any 
existing enamel (Figure 1P).

Genetic findings 

A novel heterozygous c.53T > G (p. Val18Gly) variant on 
exon 3 of the DSPP gene was identified in the proband (IV:1) 
by WES. The 2 affected individuals were heterozygous for 
the variant, and the variant was not found in the unaffected 
family member. The c.53T > G (p. Val18Gly) variant 
in DSPP was completely co-segregated with the disease 

phenotype in the family (Figure 2A). This variant was absent 
in the 1000 Genomes Project, the ESP6500 database, 
GnomAD, and an in-house database generated from  
1,092 samples of WES. The variant occurs in an 
evolutionarily conserved amino acid through the protein 
sequence alignment of orthologs from 9 different species 
(Figure 2B). The c.53T > G (p. Val18Gly) variant was 
predicted by Sorting Intolerant from Tolerant (SIFT) and 
Polyphen2 to be damaging (Table S3). The variant was 
revealed to cause valine to become glycine at position 18, 
which is very flexible and may destroy the rigidity of the 
protein at this position. The size and hydrophobicity of 
mutant residues were found to be different from those 
of the wild-type DSP, which also changes the original 
characteristics of the DSP protein (Figure 2C). The novel 
mutation was classified as a pathogenic variant according to 
the ACMG interpretation guidelines (15). 

Effect of DSPP gene variants on protein localization

To determine the location of the DSPP mutants, the anti-
calnexin (CANX) antibody and anti-Golgi matrix protein 

https://cdn.amegroups.cn/static/public/ATM-21-5369-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-21-5369-supplementary.pdf
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Figure 2 DSPP (NM_014208) variations were identified by Sanger sequencing in participants. (A) Sanger sequencing of the c.53T > G 
(p. Val18Gly) variant in DSPP. (B) Evolutionary conservation of the DSPP protein. Multiple amino acid sequence alignment of DSPP 
indicated conservation of valine (shown in red) at position 18 in different species. (C) The size and hydrophobicity of mutant residues are 
different from those of the wild type, which also changes the original characteristics of the DSP protein. WT, wild-type; DSPP, dentin 
sialophosphoprotein; DSP, dentin sialoprotein.

(GM130) antibodies were used to stain HEK-293 cells 
transfected with DSP-pEGFP-N1-WT or DSP-pEGFP-
N1-MUT. Wild-type DSP was found predominantly 
in the Golgi apparatus. The p. Val18Gly mutant DSP 
was found predominantly in the endoplasmic reticulum 
(ER), even though a portion was localized in the Golgi  
apparatus (Figure 3A-3D), which is consistent with previous 
reports (16,18). 

Phenotypic and functional characteristics of DGI hDPSCs 

After seeding in culture dishes, both control cells and 
patient cells exhibited a characteristic fibroblast-like 
morphology of hDPSCs (Figure S1A,S1B). The cells were 
positive for CD29, CD44, CD90, and CD105 and negative 
for CD33 and CD34, indicating mesenchymal stem cell 
markers (Figure S1C,S1D). The mineralization assay 
showed that mineralized calcium deposition in the DGI 
cells was significantly lower than that in the control cells 
(P=0.012) (Figure 4A,4B, Table S4).

The qRT-PCR analysis showed that the expression levels 
of DSPP (P=0.022) and RUNX2 (P=0.007) mRNA in DGI 
cells were significantly lower than those in the control. The 
ALP mRNA levels were similar between 2 groups (P=0.866) 
(Figure 4C-4E, Table S5). 

Discussion

The dental disorder, DGI, Shields type-II is a rare 
hereditary dentin defect. Thus, recruitment of large cohort 
of cases is difficult, making it difficult to study the clinical 
features of patients to better understand the genotype–
phenotype relationship. In our study, the teeth of patients 
presented with typical clinical manifestations including 
yellow-brownish appearance and severe attrition. The 
roots were narrower than those of normal teeth, and pulp 
chambers and root canals were smaller than those in normal 
teeth, as well as being partially obliterated. The enamel 
was more prone to fracture, and the exposed dentin was 
severely and rapidly worn. So, dental examination should be 
performed soon after teeth erupt, and dental managements 
should accompany the patients for life. Performed metal 
crowns should be applied on the primary molars to 
maintain chewing function. The primary anterior teeth 
are recommended to restored with resin crowns for beauty 
considerations and to maintain vertical height (19). In this 
study, the patients also showed primary hypoplastic enamel 
defects. In another Korean family with DGI, Shields type II, 
hypoplastic enamel defects were also found in teeth, which 
is similar to the phenotype in this study (20). Furthermore, 
enamel defects have been observed in 2 Caucasian families 

https://cdn.amegroups.cn/static/public/ATM-21-5369-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-21-5369-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-21-5369-supplementary.pdf
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Figure 3 Protein localization of wild-type and mutant of DSPP gene. Confocal microscopy shows intracellular localization of the GFP-
tagged WT and mutant (p. Val18Gly) DSP in HEK293T cells. Anti-CANX antibody was used for ER staining, and a GM130 antibody 
was used for Golgi staining. Nuclei were stained with DAPI. (A,C) Wild-type DSP was predominantly found in the Golgi apparatus. (B,D) 
The p. Val18Gly mutant DSP was found predominantly in the ER, even though a portion was localized in the Golgi apparatus. GFP, green 
fluorescent protein; WT, wild-type; DSPP, dentin sialophosphoprotein; DSP, dentin sialoprotein; CANX, anti-calnexin; GM130, anti-Golgi 
matrix protein; ER, endoplasmic reticulum; DAPI, 4',6-diamidino-2-phenylindole.
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Figure 4 Phenotypic and functional characteristics of hDPSCs from DGI patient. (A) Accumulation of calcium stained with alizarin red 
staining after growth of control cells and DGI cells (×10). (B) The mineralization ability of DGI cells was significantly lower than control 
cells, *, P<0.05. (C) The expression level of DSPP in DGI cells was significantly lower than in control cells, *, P<0.05. (D) The expression 
level of RUNX2 in DGI cells was significantly lower than in control cells, *, P<0.05. (E) The expression level of ALP in DGI and control 
cells showed no significant difference. hDPSCs, human dental pulp stem cells; DGI, dentinogenesis imperfecta; DSP, dentin sialoprotein; 
RUNX2, runt-related transcription factor 2; ALP, alkaline phosphatase.

with classic DGI, Shields type II phenotype, which had 
the same mutation of c.143 + 1G > A in the exon 3 flanker 
of DSPP (21). The reason may be that DSPP is not only 
expressed by odontoblasts (22-24), but also transiently 
expressed by ameloblasts (25). Verdelis et al. (26) found that 
DSPP is important for normal mineralization of both dentin 
and enamel. In comparison with control mice, DSPP−/−

 

mice showed reduced thickness of the outer enamel layer, 
while the total enamel thickness remained unchanged. 
However, the role of DSPP in amelogenesis remains largely 
unclear and further studies are needed to investigate the 
associations between DSPP and these clinical phenotypic 
heterogeneities. 

A novel heterozygous c.53T > G (p. Val18Gly) variant 
was identified in DSPP. The novel mutation was classified 
as a pathogenic variant according to the interpretation 
guidelines of ACMG (15). This mutation leads to the 

replacement of valine with glycine at codon 18. Several 
studies have shown that mutations in DSPP may cause 
distinct phenotypes. For example, c.53T > A (Val18Asp) 
is associated with DGI, Shields type II (20,27,28). 
Substitutions of the c.52G > T (Val18Phe) cause DGI, 
Shields type II and DGI, Shields type I with progressive 
sensorineural high-frequency hearing loss. No enamel 
defect was observed in patients with the mutation c.52G > T 
(Val18Phe) (10,29), and in patients with the mutation 
c.53T > A (Val18Asp) in Japanese and Korean families 
with DGI, Shields type II (27,28). These data reveal the 
complexity of the relationship between genotype and 
clinical phenotype. 

The SEM results showed that the DGI teeth had 
reduced and irregular dentinal tubes as previously reported 
(30,31). The EDS results showed that the DGI dentin had 
elevated Ca contents, which is consistent with previous 
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studies in DGI, Shields type II patients (32). During tooth 
formation, hDPSCs differentiate into odontoblasts and 
participate in the dentin formation process (33,34). The 
DSPP gene plays an important role in cell differentiation 
and tooth morphogenesis (35-37). Both DSP and DPP are 
considered to play a role in dentin mineralization; however, 
differing from the established role of DPP during dentin 
mineralization, the role of DSP is still not clear (38). Suzuki’s 
research (8) has shown that DSP may partially rescue the 
dentin volume but not the dentin mineral density, indicated 
DSP regulating the initiation of dentin mineralization. 
Gibson et al. (39) showed that dentin was more poorly 
mineralized and remarkably disorganized in DSP-PP null 
mice than in the DSP-PP KO mice, indicating that DSP 
may inhibit dentin mineralization or serve as an antagonist 
of the accelerating action of DPP. In this study, mineralized 
calcium deposition in the hDPSCs of the DGI patient 
was significantly lower than in the control cells, indicating 
impaired mineralization ability of the DGI cells. The EDS 
results showed that the calcium content of the DGI dentin 
was significantly higher than in normal dentin. The reason 
may be that besides the initial mineralization process, 
differences in set of teeth, age, and dentin ultrastructure may 
cause the difference in mineral composition (40). In their 
study, Park et al. (41), reported that the DGI maxillary first 
molars of 9-year-old girl showed lower Mg content but no 
difference in Ca content and Ca/P ratio, which is consistent 
with previous study (42) of DGI primary teeth. Several 
other studies had different results, in Kerebel et al.’s (43)  
research, lower content of Ca, P, and Mg was found in the 
DGI dentin, while in Li et al.’s study (32), a higher content 
of Ca was found in the dentin of a permanent DGI tooth. 
In Intarak et al.’s (40) study of osteogenesis imperfecta 
patients, whose teeth showed typical DGI manifestation, 
the Ca content of the younger patient was comparable 
with the control while the older patient’s teeth showed 
significantly lower Ca content, indicating that the calcium 
and phosphorus contents may be related to age. 

DPSCs may differentiate into odontoblasts and 
regenerate a dentin-pulp-like complex to form restorative 
dentin. The differentiation process of DPSCs induced to 
odontoblasts in vitro is similar to the differentiation process 
of odontoblasts in vivo, which give us a chance to observe 
the physiological activities of DGI mutant cells. The 
expression level of DSPP and RUNX2 were significantly 
lower in DGI hDPSCs than in those of the control. The 
DSPP gene plays an important role in the process of tooth 
development, and the spatiotemporal expression of DSPP 

is finely manipulated during different stages of dental 
formation. The RUNX2 gene is a critical transcriptional 
regulator during early tooth formation, contributing to the 
spatiotemporal expression of DSPP during dentinogenesis 
(44,45). Reduced expressions of DSPP and RUNX2 led to 
impaired ability of the DGI hDPSCs, a result consistent 
with the findings of previous studies (5,31). The expression 
of ALP showed no difference between the 2 groups. 
Mineralization is controlled by DSPP, RUNX2, ALP, and 
other small integrin-binding ligand N-linked glycoproteins 
(SIBLINGs), such as dentine morphogenetic protein 1 
(DMP1), bone sialoprotein (BSP), and osteopontin (OPN) 
(46,47). Future studies should aim to explain this complex 
mineralization process.

The ICC results showed that this novel DSPP mutation 
caused retention of the DSP protein in the ER, while the 
WT DSP protein was secreted to the Golgi apparatus. This 
novel mutation c.53T > G (p. Val18Gly) is located on the 
third isoleucine-proline-valine (IPV) motif. Previous studies 
(5,18) have shown that mutations in the IPV of DSPP may 
cause DSPP to be retained in the ER, which may lead to the 
dominant negative effects.

In summary, we identified a novel heterozygous 
c.53T > G (p. Val18Gly) DSPP variant in a family with 
DGI with rare hypoplastic enamel defects. Functional 
analyses revealed that this novel variant disturbs dentinal 
characteristics and pulp cell behavior by impairing DSPP 
function. These results extended our knowledge of the 
genetic mutation spectrum of DSPP. Further research is 
needed to fill the gap between specific DSPP mutation sites 
and certain clinical features.
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Supplementary

A B

C D

Figure S1 Isolation and Identification of hDPSCs. (A) The morphology of the control cells culture (×100). (B) The morphology of the 
patient’ cells culture (×100). (C) Flow cytometric analysis of control cells. Control cells are positive for CD29, CD44, CD90, and CD105 
and negative for CD33 and CD34. (D) Flow cytometric analysis of patient’ cells. DGI cells are positive for CD29, CD44, CD90, CD105 
and negative for CD33 and CD34. hDPSCs, human dental pulp stem cells; DGI, dentinogenesis imperfecta.

Table S1 Primers used for DSPP gene verification and qPCR

Amplicon Primers sequence (5’ to 3’) Amplicon size (bp)

DSPP, c.53T>G F-GGGCTGATCTAACACGTCCA 500 

R-CCACTGGCATTTAACTCATCCT

DSPP-qPCR F-ACACCCAGAAGCTCAACCAT 168 

R-TACCTTCGTTGCCTTTCCCA

ALP F-TAAGGACATCGCCTACCAGCTC 169

R-TCTTCCAGGTGTCAACGAGGT

RUNX2 F- CTGTGGTTACTGTCATGGCG 183 

R- AGGTAGCTACTTGGGGAGGA

GAPDH CTTTGGTATCGTGGAAGGACTC 136 

GTAGAGGCAGGGATGATGTTCT
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Table S2 The element content in DGI teeth and control

Variable C/% O/% Mg/% Ca/% P/% Ratio (Ca/P)

DGI 43.40±9.04 22.29±3.49 0.43±0.12 23.01±3.48 10.45±1.37 2.20±0.09

Control 58.00±9.76 18.57±5.48 0.37±0.20 15.52±2.79 7.52±1.48 2.07±0.08

P value 0.130 0.377 0.672 0.044 0.066 0.140

DGI, dentinogenesis imperfecta.

Table S3 Pathogenicity prediction of DSPP mutation in the study

Nucleotide changes Amino acid changes SIFT PolyPhen-2

c.53T > G p.V18G Deleterious Probably damaging

DSPP, dentin sialophosphoprotein (NM_014208). 

Table S4 Mineralized calcium depositions of DGI and control

Variable mineralized calcium deposition

DGI 23.32±4.27

Control 38.77±2.05

P value 0.012

DGI, dentinogenesis imperfecta.

Table S5 The expression of DSPP, ALP, and RUNX2 in patient and control cells

Variable DSPP ALP RUNX2

Patient 0.38±0.18 723.56±40.92 2302.97±213.14

Control 0.96±0.27 710.72±92.51 3075.85±36.35

P value 0.022 0.866 0.007

DSPP, dentin sialophosphoprotein; ALP, alkaline phosphatase.


